Gamma-ray detection methods show diffusion of 222Rn out of otoliths of orange roughy Hoplostethus atlanticus and variable uptake of 226Ra into otoliths of H. atlanticus both of which invali date the assumptions of closure to 222Rn diffusion and the constant uptake of 226Ra that are critical to the 210Pb: 226Ra method of age estimation from otoliths of H. atlanticus.
which the 226Ra was embedded. This damage results in the highly soluble 222Rn atom leaking into the interstitial crys tal space of carbonate minerals. 14,11) Studies of otolith permeability have shown that otoliths, including those of Hoplostethus atlanticus, are porous and there is considera ble mobility in the interstitial crystals spaces of such otoliths even for molecules much larger than 222Rn. [16] [17] [18] [19] [20] ,*1 It is therefore appropriate to examine the very likely possibili ty that 222Rn resulting from the a-particle decay of 226Ra can diffuse out of the otolith of H. atlanticus just as many other substances can apparently diffuse into the otolith.
This paper describes the results of an experiment in which loss of 222Rn from otoliths of H. atlanticus was meas ured by gamma spectrometry.
Materials and Methods
The theoretical background for the procedures used in this study is based on the principles of radioactive decay of naturally occurring nucleotides.21) Daughter radionuclide in-growth, proportional to the half life (t/2) of the daugh ter, is the key to the method of measuring 222Rn loss. The nuclide 226Ra (t/2=1622 years) decays to 222Rn (t/ 2 = 3.825 days) and for all practical purposes of this study the two nuclides will establish secular equilibrium within four weeks provided that 222Rn is prevented from being released to the atmosphere. Because 222Rn is an alpha parti cle emitter, it can not be measured directly with the in strumentation used in this study. However, it decays over 218Po (t/2=3 .05 minutes) to 214Pb (t/2=26.8 minutes) and subsequently to 214Bi, both of which are gamma emitters which will grow into equilibrium with 222Rn within six hours. The nuclide 210Pb, the mate of 226Ra in the age esti mation method under consideration, is not suitable for this study because of its relatively long half life of 22.3 years. It would take over 100years to grow into equilibri um with 222Rn. In practice, 214Bi has the best yield and least interference from nearby emission peaks and was there fore used in this experiment. These properties make the measurement of 222Rn emanation from otoliths of Hoplostethus atlanticus a simple two-step procedure.
Step 1, 226R a and 214Bi activities of a sample of otoliths are meas ured in an open vial which allows any 222Rn emanating from the otoliths to escape to the atmosphere. Step 2, 226Ra and 214Bi activities are remeasured for four weeks from the same sample with the vial sealed to allow 222Rn equilibration. The difference between the two measures of the activities of 214Bi is then proportional to the loss by emanation of the 222Rn that was generated endogenously from the 226Ra in the otolith.
A material known from previous experiments of this type to leak 222Rn was used as an experimental control. Deep sea sediments of various origins are known to leak 222Rn . This property of deep sea sediments has been used extensively to trace currents in the deep ocean.22-24) A deep ocean sediment collected west of the Island of Hawaii was used as a reference to show the effect of radon loss from an open system on 214Bi activities.
The instrument used in this study was a High-Purity -Germanium (HPGe) Gamma Spectrometer which is rou tinely used to measure environmental levels of uranium and thorium-series radionuclides of soil, sediment and biological samples. 226Ra was measured from its 3.28% abundance peak at 186 kilo electron volts (keV). 214Bi was determined from its 46.1 % abundance peak at 609 keV fol lowing Reus and Westmaier.25) The minimum detectable levels of the system for 48hour counts of 226Ra and 214Bi are 0.036, and 0.014 counts per minute (cpm) respectively. Assuming a 226Ra mean specific activity of 0.06 disintegra tions per minute per gram (dpm/g) for otoliths of Hoplostethus atlanticus,5) sample sizes of about 5g of in tact otoliths were sufficient to produce statistically sig nificant results. Sample were collected in dry paper packets and contamination with dust and other debris was avoided as much as possible.
Non-parametric one-sample sign tests were used because of the differences in numbers of otoliths in each pooled sample. The Data Desk statistical package used expresses r2 values as percentages and that convention is followed here.
Otoliths were sub-sampled from a larger collection made by trawling in the commercial fishery for Hoplostethus atlanticus in January 1995. Otoliths of roughly the same size were sorted by eye into groups that would weigh close to 5g. Consequently, each of the 15 sets of otoliths used as samples contain different numbers of otoliths with different average weights. Except for sam ple #1, all samples consist of otoliths taken from the same sex and gonad maturity stage. A total number of 500 otoliths were used in the experiment. The number of otoliths and average weights are listed in Table 1 . The results for the deep ocean sediment controls are also listed in Table 1 .
Two successive gamma-ray analyses separated by the in cubation time for 222Rn equilibration were made on each sample. In the first analysis the sample was measured in an open container; and in the second analysis the sample was sealed in its container using a high-vacuum sealant and sub sequently incubated for 23days for 222Rn equilibration. The gamma-ray activities of 226Ra, the parent isotope of 222Rn
, and 214Bi (peak at 609 keV) were calculated after each incubation. Activities are reported in Table 1 in units of counts per minute per gram of sample (cpm/g). Errors (given in Table 1 ) were calculated following the standard method of Friedlander et al. 26) structure should be reflected in higher 214Bi activities in the "sealed" sample than in the "open" sample . In Table 1 radon leakage based on 214Bi at 609 keV occurred in ten out of fifteen samples.
The amount of parent 226Ra in otoliths is very small, less than 1 % of the background 226Ra of deep-ocean sediments from the depth at which Hoplostethus atlanticus occurs; and deep-ocean sediments are themselves regarded as low in 226Ra. Consequently, the yield of 222Rn and its daughter product 214Bi is very low and is close to the operating limits of the gamma-ray detection method used for the 23 day in cubation. Not surprisingly, four of the fifteen samples gave anomalous results for 214Bi, implying that 222Rn was being scavenged by otoliths or that the seals on the incuba tion vessels may be faulty. However in the interests of showing all of the data the anomalous results are reported here and included in the analysis.
A one-sample sign test of the 214Bi radon loss data multi plied up by otolith numbers to correct for pooling showed that median 214Bi levels were significantly greater than zero (p<0.0001; pa=0.05) even when the anomalous negative results were included. A plot of radon loss measured by 214Bi against average otolith weight showed a significant linear regression (p ? 0.0001) but with an r2=34% (Fig. 1) .
A one-sample sign test of the 226Ra data multiplied up by otolith numbers to correct for pooling showed that median 
Results
214Bi is a relatively short -lived daughter of 222Rn and will equilibrate with 222Rn within six hours. Therefore, an in crease in radon activity due to leakage out of the otolith Fig. 2 . 226Ra activity (cpm/g) plotted against otolith weight (g). 226 R a levels were significantly greater then zero (p0.0001; pa=0.05). A plot of 226Ra activity against average otolith weight (Fig. 2) gives a significant linear regression (p:5 0.0001) but with a low r2=7.3%. Removal of the obvious high outlier in Fig. 2 marginally increases the r2 value to 13.4%.
Discussion
Closure is a strong prior condition to the use of 210Pb: 226Ra ratios in estimating age in fish . Our experiment shows that otolith aragonite does not provide closure to loss of 222Rn, similar to other calcium carbonates.) Correc tion for losses of 222Rn would be difficult because the high variability in loss of 222Rn among different otoliths. Variability was high in spite of the averaging effect of pool ing many otoliths for each sample.
The scatter in the decrease of 226Ra activity with increas ing otolith size violates the assumption of constant uptake of 226R a that is also a strong prior condition on the use of the 210Pb: 226R a ratio in fish age estimation.
Other elements also show decreasing uptake into the otolith with increas ing otolith size, 27) so that the effect of size on 226Ra is not un expected.
Studies 28) of the 210Pb: 226Ra method in the otoliths of the seabass Polyprion oxygeneios and orange roughy Hoplostethus atlanticus also found significant anomalies in radionuclide uptake in the otolith. The otoliths of P. oxygeneios and H. atlanticus could not be reliably dated because, contrary to the required prior assumptions, ex cess 210Pb is incorporated into the outer layers of otoliths resulting in artificially old ages.
The 
